We have obtained the most extensive and most accurate photometric data of a Blazhko variable MW Lyr during the 2006-2007 observing seasons. The data within each 0.05 phase bin of the modulation period (P m = f −1 m ) cover the entire light cycle of the primary pulsation period (P 0 = f −1 0 ), making possible a very rigorous and complete analysis. The modulation period is found to be 16.5462 d, which is about half of that was reported earlier from visual observations. Previously unknown features of the modulation have been detected. Besides the main modulation frequency f m , sidelobe modulation frequencies around the pulsation frequency and its harmonics appear at ±2f m , ±4f m , and ±12.5f m separations as well. Residual signals in the prewhitened light curve larger than the observational noise appear at the minimum-rising branch-maximum phase of the pulsation, which most probably arise from some stochastic/chaotic behaviour of the pulsation/modulation. The Fourier parameters of the mean light curve differ significantly from the averages of the Fourier parameters of the observed light curves in the different phases of the Blazhko cycle. Consequently, the mean light curve of MW Lyrae never matches its actual light variation. The Φ 21 , Φ 31 phase differences in different phases of the modulation show unexpected stability during the Blazhko cycle. A new phenomenological description of the light curve variation is defined that separates the amplitude and phase (period) modulations utilising the phase coherency of the lower order Fourier phases.
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INTRODUCTION
The Blazhko modulation of RR Lyrae stars, a phenomenon known for about a century, is still one of the open questions in astrophysics. The problems and the inconsistencies of the existing models with observational facts were recently discussed in details by Stothers (2006) , therefore we only briefly mention here that none of the suggested models (magnetic ⋆ E-mail: jurcsik@konkoly.hu oblique rotator, Shibahashi (2000) ; resonant excitation of nonradial modes, Dziembowski & Mizerski (2004) ) can explain the complexity of all the observed properties of the modulation.
Alternatively, Stothers (2006) suggests that the modulation may be explained by continuous amplitude and period changes of the pulsation due to the action of a turbulent convective dynamo in the lower envelope of the star, with dynamo cycle identical with the Blazhko period. This explanation does not involve any nonradial mode compo-nent, the phenomenon is interpreted in the framework that Blazhko RRab stars are purely fundamental mode radial pulsators. However, Stothers (2006) gives only a qualitative, rough picture of his model, that have to be checked both observationally and theoretically, thus the investigation of the phenomenon still remains an important and valid task.
A lot of efforts have been already made in studying the light curve changes of RR Lyrae stars but most of the available photometries of Blazhko variables have some defects: inaccuracy (visual, photographic data) , biased data sampling (the photoelectric observations focused mostly on the rising branch, maximum phase of the light curve), data inhomogeneity due to rare data sampling on a too long timebase (the time scale of period changes and changes in the modulation properties can be as short as a few years), etc. Most of the recent CCD and/or photoelectric observations of individual Blazhko stars are not extended enough to study the modulation properties in full detail. The first multicolour photometric data that covered each phase of both the modulation and the pulsation within a short time-base (one season) were published for RR Gem . During the period of the CCD observations RR Gem showed, however, small amplitude modulation, that limits the available information due to the low S/N ratios of the modulation signals.
We started a systematic search for previously unknown Blazhko variables at Konkoly Observatory in 2004 using the advantage of full access to an automated 60 cm telescope (Sódor 2007) . The aim has also been to clear up questionable cases. In we have revised the list of known Blazhko variables (Smith 1995) . The modulation of MW Lyrae was found to be ambiguous as the photographic observations (Gessner 1966) did not confirm the modulation detected in visual data by Mandel (1970) . Our CCD observations of MW Lyrae affirm the light curve modulation of the star, but with a modulation period about half of that Mandel (1970) announced.
Spectroscopic observation of MW Lyr has never been obtained, however, based on its short period (P puls = 0.397 days) it should be a relatively hot and metal rich RR Lyrae star.
In • 58 ′ 54 ′′ , J2000). This is the first multicolour photometric data set of a large modulation amplitude Blazhko variable that is condensed, extended, and accurate enough to detect previously unknown properties of the modulation.
In this paper the photometric data of MW Lyr are published and analysed. The light curve solution (frequency analysis) is discussed using mostly the V band data. A second paper is going to be devoted to the study of the colour behaviour during the course of the modulation cycle. CCD observations with the 60 cm telescope of the Michigan State University equipped with an Apogee Ap47p CCD camera (FoV 10 ′ × 10 ′ ) and with the 1m RCC telescope of the Konkoly Observatory equipped with a Princeton Instruments VersArray 1300B CCD camera (FoV 6 ′ × 6 ′ ) were obtained on 6 and 3 additional nights in July 2006 and in Aug 2007, respectively. Johnson-Cousins BV IC filters were used in all the observations. Altogether 5700-5800 data points in the BV IC passbands were gathered. Observations in RC band were also obtained on 15/3 nights with the Konkoly 60/100 cm telescopes.
Data reduction was performed using standard IRAF 1 packages. Aperture photometry of MW Lyr and several neighbouring stars were carried out. In the analysis magnitudes of MW Lyr relative to GSC2.2 N0223233663 (C0) are used. Table 1 lists the basic data and Fig. 1 shows the positions of our comparison and check stars. The magnitude differences of the comparison and check stars remained constant within 0.010-0.015, 0.009-0.013, 0.008-0.012, 0.009-0.013 mag in the B, V, RC , and IC bands, respectively (see also Fig. 7 ). Transformation to the standard system was done using the B, V, RC, and IC magnitudes of the stars in the field of MW Lyr observed by A. Henden with the USNO Flagstaff Station 1.0 m telescope equipped with a SITe/Tektronix 1024 × 1024 CCD. A complete list of the positions and standard BV (RI)C magnitudes of these stars are available online as Supplementary Material (Table 1a) . To calculate the colour terms of the transformations the nightly instrumental V and B light curves were fitted by different order Fourier sums to determine the V magnitudes at the moments of the B, RC, IC observations and the B magnitudes at the moments of the V observations. No transformation was applied Table 2 . Time series of the V magnitude and colour differences of MW Lyrae relative to the comparison star C0
HJD-2 400 000 ∆V in the IC band of the Konkoly 60 cm data as no colour dependency of the differences between the instrumental and standard magnitudes was found in this band. Taking into account the proximity of the comparison star to the variable only second order extinction correction were applied in the B band.
B −V , V −RC, and V −IC colours were derived utilizing the V observations and fitted values of the B, RC, IC curves according to nightly Fourier fits for the moments of the V measurements. Differential V magnitudes and B − V , V − RC, and V − IC colours of MW Lyr with respect to C0 are given in Table 2 . The Heliocentric Julian Date, ∆V , ∆(B − V ), ∆(V − RC), and ∆(V − IC) relative magnitudes, and the observatory ID are given in Column 1-6, respectively. The entire list of photometric data is available online as Supplementary Material. In Table 2a , 2b, and 2c (electronic only) the ∆B, ∆RC and ∆IC time series are given.
Maximum timings and maximum brightness values of the V data set were determined for 88 epochs (Table 3) . The complete list of these data is available online.
RESULTS
The V light curve of MW Lyrae and the data folded with the pulsation and modulation periods are shown in Fig. 2 . The light curve is strongly modulated, the full amplitudes of the amplitude and phase modulations are larger than 0.45 The residuals have larger amplitude at around the minimum, rising branch phases of the pulsation than around maximum brightness due to the large amplitude of the phase modulation. mag and 0.07 phase of the pulsation (∼ 40 min), respectively (see also Fig. 9 ). The modulation seems to have larger amplitude at around minimum and rising branch phases than at maximum light as Fig. 3 shows. In this figure the residual light curve is phased with the pulsation period after the pulsation components are removed. The large amplitude of the residuals around minimum phase is the consequence of the large amplitude of the phase modulation. In reality, the amplitude of the maximum brightness variation is larger than the amplitude of the minimum brightness variation as the top and bottom envelope curves of panel C in Fig. 2 show. The elements of the pulsation and modulation are: The pulsation and modulation periods are those that yield the best fit to the V light curve with the pulsation (kf0) and modulation (kf0 ± fm, kf0 ± 2fm, fm, and 2fm) frequency components using 'locked' frequency solution (i.e., the modulation components are at the positions of the linear combination frequencies). Details of the frequency component determinations are given in Sect 3.1.
Data analysis was performed using the different applications of the MUFRAN/TIFRAN packages (Kolláth 1990; Kolláth & Csubry 2006) , a linear combination fitting program developed byÁ. Sódor, and the linear and nonlinear curve fitting abilities of gnuplot 2 .
The light curve solution
The Fourier spectrum of Blazhko RRab stars is characterized by equidistant frequency triplets with frequency separation identical with the modulation frequency (see e.g. Smith et al. 1999; Jurcsik et al. 2005; Kolenberg et al. 2006) . In the residual spectrum of RV UMa, equidistant quintuplets were identified by Hurta et al. (2008) . The appearance of the modulation frequency (fm) itself was a matter of debate for long, but in the spectra of extended and accurate datasets fm also shows up unquestionably (Jurcsik et al. , 2006 Hurta et al. 2008) . The Fourier spectrum of MW Lyrae is also dominated by these frequency components. Pulsation frequencies appear up to the 12th order, while the kf0 + fm and kf0 − fm components are present with k 13 and k 10, respectively. The modulation frequency (fm) has an amplitude of 0.014 mag in the V data, which is as high as the amplitude 2 http://www.gnuplot.info/ of the 6th harmonic component of the pulsation. Prewhitening the data with the frequencies of the triplet solution significant peaks in the residual spectrum appear, indicating that the light curve cannot be accurately fitted simply with equidistant frequency triplets. Fig. 4 shows the residual spectra of the V data in the 0 − 20 cd −1 frequency range and in the vicinity of the kf0 (k = 1, ...7) pulsation frequencies after prewhitening with different frequency solutions. Table 4 summarizes the frequency solutions applied as more and more frequency components are identified. All the identified frequency components (pulsation plus modulation frequencies) are simultaneously fitted to the original data and this light curve solution is used in the next step of the analysis. In Sect 3.3 it is documented that the simultaneous fit of all the frequency components gives better light curve solution than if the frequency components are successively fitted and are removed from the data in consecutive steps.
The left panels of Fig. 4 show the residual spectrum after removing the triplet frequency solution (solution A). The highest peaks appear at kf0 +2fm frequencies. The kf0 −2fm and the 2fm frequencies are also detected but with relatively small amplitudes. There are altogether 16 frequencies identified to belong to the kf0 ±2fm modulation series. Fitting the data with the quintuplet frequencies (solution B) the residual spectrum (middle panels in Fig. 4 ) is still not flat, besides other peaks two sets of frequencies are evident, one at 4fm and the other at 12.5fm frequency separations. Unfortunately, the frequencies of these series are very close to the ±1 cd −1 alias components of each other (see their frequency values in Table 5 ), that makes the determination of the amplitudes of these components ambiguous. However, either the kf0±4fm or the kf0±12.5fm components are removed, members of the other frequency series remain, consequently the components of the kf0 ±4fm and the kf0 ±12.5fm frequency series are independent signals. In the right panels in Fig. 4 it is shown that even if the septuplet solution is removed with 5 components of the kf0 ± 4fm series (solution C), signals at 12.5fm separations are still present in the residual. These are the highest peaks detected in this spectrum. It is not at all clear whether these modulation components are indeed connected to the main modulation frequency or it happens just by chance that this secondary modulation has a modulation frequency very close to 12.5fm. We can only say that the frequencies of this modulation series are within the uncertainties at the positions of kf0 ± 12.5fm. If the frequencies of these modulation components are not locked to the kf0 ± 12.5fm positions in the fitting process their displacements do not exceed significantly and/or systemat- Figure 4. Residual spectra (top panels) and spectra in the vicinity of the kf 0 , k = 1, ...7 pulsation frequency components (bottom panels) are drawn. In these panels ∼ 2 cd −1 frequency ranges are enlarged. On the X axis ticks are at 2fm separation, 0 corresponds to the positions of kf 0 . For the sake of lucidity a grid with ifm spacing is also drawn. In the left panels residuals after prewhitening with the triplet frequency solution (solution A) are shown. The highest peaks in the spectrum appear at kf 0 + 2fm frequencies. The kf 0 − 2fm frequencies do not evidently show up in these spectra but in later steps of the prewhitening some of these components also emerge with S/N ratio larger than 3. Residuals after prewhitening with the quintuplet frequency solution (solution B) are shown in the middle panels. The highest peaks appear at kf 0 ± 4fm and kf 0 ± 12.5fm frequencies. These two series of modulation components are unfortunately seriously biased as they are very close to the ±1 cd −1 alias components of each other. However, after prewhitening the data also with 5 frequencies of the kf 0 ± 4fm components (septuplet: solution C) as shown in the right panels, it becomes evident that the kf 0 ± 12.5fm components still remain in the spectrum. We conclude therefore, that they are real frequencies, indeed, and not alias artifacts of the data sampling. There are other well defined frequency series appearing with common frequency separations, too. One is very close to the pulsation components at f ′ m = 0.0019 cd −1 separation. Four components of this series can be identified: ically the displacements of the other modulation frequency components with similar amplitude (see data in Table 5 ).
Some of the other peaks in the residual of the septuplet solution also form series with common frequency separation from the pulsation components. There are remaining peaks very close to the pulsation components at f0 − f . The periods and amplitudes of these frequency components are somewhat uncertain as this modulation period is ∼ 500 days, hardly shorter than the total length of the observations. These components can be identified either with an additional long period modulation or with residuals caused by slight changes of the pulsation period during the observations.
In light curve solution D, besides the quintuplet frequencies, the kf0 ± 12.5fm and the f ′ m modulation components are also fitted and removed. In Fig. 5 the residual spectra of the B, V , and IC observations are shown after prewhitening with light curve solution D. These residual spectra are characterized with a broad band low frequency signal centred on about the pulsation frequency and with series of further modulations at e.g., −3fm, 5fm, −11.5fm, and 13.5fm frequencies. There are also further frequency peaks in the ±0.15 cd −1 vicinity of the f0 pulsation frequency. Though the S/N ratio of the amplitudes of many of these frequency components are larger than 3, we stop frequency identification at this level as the addition of these frequency components does not improve the light curve solution significantly.
In Table 5 Figure 5. The top panels show the residual spectra of the B, V and I C data prewhitened with frequency solution D (septuplet frequencies and modulation components with 12.5fm and f ′ m separations). The spectra are zoomed in the vicinity of the kf 0 frequencies k = 1, ...7 in the bottom panels. Not regarding the decreasing mean level of the spectra towards longer wavelengths the residuals are similar, peaks at −3fm, 5fm, −11.5fm, and 13.5fm can be identified. Further significant peaks appear in the |∆f | < 3fm vicinity of f 0 . Though it is very probable that many of these frequencies are real signals we stop with frequency identifications here as the addition of these components does not significantly improve the light curve solution.
solutions only the harmonic components of the pulsation are at locked frequency values but the best frequency values of f0 and all the modulation frequency components are searched in a nonlinear process. For comparison purposes, ∆f /σ f are given in Cols 6-8 in the three bands. The σ f error estimates of the frequencies are calculated using the formula given by Montgomery & O'Donoghue (1999) . It is important to note here that, in the case of correlated noise, these errors underestimate the true uncertainties of the frequencies significantly. For most of the identified modulation frequency components the frequency displacements are 0.5 -4.0 times the calculated σ f values.
Frequency components with larger displacements (∆f /σ f > 3) in each band are: fm (Vamp = 0.014); ∆f (V ) = 0.00011 cd The larger uncertainty of the f ′ m component arises simply from the fact that this modulation period is hardly shorter than the time span of the observations. The larger displacements of the 4fm components are most probably due to their strong ±1 cd −1 alias connections with the frequencies of the 12.5fm modulation series. The reason why the frequency displacement of the other three modulation components are unexpectedly large is unknown. Based on the data given in Table 5 , we think that there is no serious reason to assume that the modulation frequencies are not, in fact, at their 'locked' positions. In Cols 9-14 of Table 5 the amplitudes and phases of the B, V , and IC light curves according to sine term decomposition are given. Frequencies with S/N (S/N is defined as the ratio of the V amplitude and the mean value of the residual spectrum of light curve solution D in the vicinity of the given frequency) smaller than 3 in each band are denoted by asterisks. The inclusion of these frequencies in the light curve solution has minimal effect on the results. However, as we are focusing on how accurately the light curve of a Blazhko variable can be fitted with the mathematical model of equidistant modulation side frequencies, we decided to include these low S/N signals also in the frequency solution.
The rms scatter of the residual light curves of light curve solution D in the B, V , and IC bands are 0.026, 0.020 and 0.015 mag, respectively. Comparing these rms values to the residuals of the comparison -check stars' light curves, which are in the 0.008 -0.015 mag range it seems that the residual scatter of MW Lyrae is significantly larger than expected. The V magnitudes of MW Lyr vary between 12.95 and 14.35 mag, the brightnesses of the check stars C1, C2, and C3 nearly equal to the variables maximum, mean and minimum brightnesses, respectively (see the magnitudes and colours of the comparison and check stars in Table 1 the minimum-rising branch-maximum phase of the pulsation with different shapes. The residual mimics the behaviour of the large amplitude modulation on a much smaller scale, but without any definite periodicity. Just for a trial we have included further 30 frequencies in the fit (consecutive prewhitening with the highest peaks appearing in the spectra shown in Fig. 5 , light curve solution E) to see whether these systematic deviations can or cannot be eliminated with further distinct frequency components. Though the rms of e.g., the V light curve has been reduced to 0.018 mag this way, the systematic deviations of the light curves shown in Fig. 6 have hardly decreased. Fig. 7 compares the residual spectra of the V light curve prewhitened with light curve solution D and E with the spectra of the V light curves of the C1, C2 and C3 check stars. The differences are striking. The mean level of the residual spectrum of light curve solution E is still 2 − 3 times larger than that of the spectra of the check stars.
Most probably stochastic and/or chaotic behaviour of the modulation bring forth the enhanced residual signals. It seems that the light curves of large modulation amplitude Blazhko variables cannot be modelled with the required accuracy with the Fourier sum of finite number of frequency components.
The maximum brightness -maximum phase variation
The modulation of the pulsation light curve of MW Lyr can be also followed using the maximum brightness, maximum phase data given in Table 3 . The maximum brightness and maximum phase values of the V light curve are shown in the left panels of Fig. 8 folded with the modulation period. None of these plots can be fitted with a single sine wave.
The maximum phase data show a highly asymmetric shape, Figure 7 . Comparison of the residual spectra of the V light curve of MW Lyr with the spectra of the check stars' light curves. The identifications and magnitudes of the C0 comparison and C1, C2, C3 check stars are given in Table 1 . Two residual spectra of MW Lyrae are shown. After removing the 66 frequencies of light curve solution D significant peaks in the spectrum still appear (see also Fig. 5 ). Removing further 30 frequencies from the data the residual spectrum is still at 2-3 times higher level than the noise spectrum of the check stars. As the brightness of MW Lyr varies between 13.10 mag and 14.30 mag, while C1, C2, and C3 have brightnesses of 12.99, 13.92 and 14.36 mag, respectively, brightness differences cannot account for the large residual signal of MW Lyrae.
while there is a bump on the rising branch of the maximum brightness data. For an accurate fit, both plots need at least 6th order Fourier sums. Table 6 lists the amplitudes of the 6th order Fourier components of the maximum brightness and maximum phase fits. The amplitudes change with increasing order, they follow a similar trend for the maximum brightness data as the amplitudes of the sidelobe frequencies of the Fourier spectrum of the light curve do: the 1st, 2nd and 4th order components have pronounced amplitudes while the amplitudes of the 3rd, 5th and 6th order components are small. On the contrary, the amplitudes of the 3rd, 4th and 5th order components of the maximum phase fit are very similar. The 0.022 mag and 0.0066 phase (0.0026 days) rms scatter of the residuals of the maximum brightness and maximum phase fits are, however, too large as we estimate that the data are accurate within ±0.02 mag and ±0.0025 d, respectively.
The residual spectra of the maximum brightness and maximum phase data prewhitened with the 6th order fits of the modulation frequency are shown in the right panels of Fig. 8 . The residual spectrum of the maximum brightness data shows a peak with 0.015 mag amplitude at 0.7559 cd −1 . In panel III the fitted curve corresponds to the harmonic fits to the maximum brightness and maximum phase data with the frequencies given in Table 6 . The observed Vmax − P hasemax data are overplotted on the synthetic solutions, the open symbols denote less accurate data. The scatter of the observations is much larger than observational uncertainties can explain as data are accurate within ±0.02 mag and ±0.003 d ±0.0075 phase ranges. Blazhko phase are plotted in the top-left and bottom-left panels, respectively. Sixth order Fourier fits to the data are also drawn in these plots. The data are prewhitened with these fits. The right-top panel shows the amplitude spectrum of the residual of the maximum brightness data. The highest peak appears at f = 0.7559 cd −1 , which equals to 12.5fm within the uncertainty. Prewhitening the data also with this frequency, there is no further significant peak in the residual spectrum (middle-right panel). The residual spectrum of the prewhitened maximum phase data (bottom-right panel) does not show the f = 0.7557 cd −1 signal. There is no peak appearing at the same frequency in the maximum phase residual (prewhitened with the modulation frequency and its harmonics) and the maximum brightness residual (prewhitened with the modulation frequency and its harmonics plus 12.5 fm) spectra.
This frequency equals within the uncertainty to the 0.7555 cd −1 frequency value of 12.5fm. Though this modulation component itself does not appear in the spectrum of the light curve, it has measurable amplitudes at the kf0 ±12.5fm sidelobe positions as discussed in the previous Section. There is no sign of this modulation component in the maximum phase data. Accordingly, the modulation connected to the 12.5fm frequency is dominantly amplitude modulation.
The removal of the 12.5fm component from the maximum brightness data lowers the residual scatter to 0.020 mag only, which is still too high to be explained with observational inaccuracy. Both the maximum brightness and maximum phase data reflect the imperfection of modelling the modulation using the Fourier sum of discrete frequency components. Most probably the observations cannot be traced with the expected accuracy using finite number of strictly periodic signals.
Plotting the maximum brightness vs. maximum phase data, as Fig. 9 shows, significant scatter appears around a triangular shape curve. No evolution of the data with time account for the scatter, data from different segments of the observations are equally scattered without any systematics. Synthetic maximum brightness and maximum phase curves are drawn according to the triplet light curve solution, light curve solution D, and maximum brightness and maximum phase fits involving 6 harmonics of the modulation and 12.5fm for the maximum brightness data in the panels I, II and III in Fig. 9 , respectively. Many observed maximum data are out of the ranges of any of the model fits, that cannot be explained by data inaccuracy.
The mean light curve
Interesting questions arise in connection with the mean light curves of variables showing light curve modulation. Namely, we still do not know whether a) the mean light curve is or is not the same as the light curve of a star with the same physical parameters but not showing Blazhko modulation, b) the actual shape of the light curve in any phase of the modulation corresponds to the mean light curve.
Our extended and accurate data make it possible to The residual spectra in the vicinity of the pulsation frequency and its first harmonic component are shown in the right panels. In method a the modulation side components are also removed but in a second step after the pulsation frequencies have been already removed from the data. Note the smaller amplitude of the fitted light curve and the high residual signals at f 0 and 2f 0 when applying method a.
find the correct answers to these questions. However, first we have to define the mean pulsation light curve of Blazhko variables correctly. The simplest way to define the mean light curve is to fit all the data with a high enough order Fourier sum of the pulsation frequency and its harmonics (method a). However, this procedure may yield a mean light curve that is biased by the uneven data sampling, even in the case of an extended data set. The typical procedure of light curve analysis of Blazhko stars is prewhitening first with the pulsation frequency and its harmonics (with the mean light curve defined above), and then, the prewhitened data are analysed to identify the modulation components. As a result of the incorrect shape of the removed mean light curve during this procedure false signals in the vicinity of the pulsation components emerge. A better approximation of the mean light curve is gained by a fit that takes the pulsation and modulation frequency components simultaneously into account. The mean pulsation light curve according to a triplet solution light curve fit (method b) may significantly differ from the mean light curve defined by method a. Fig. 10 demonstrates the differences between the fits and the residual spectra if the data are fitted and prewhitened by the pulsation and modulation components in consequtive steps and simultaneously. In this Figure data from the first season of the observations are shown. This data set, which contains 3900 data points from 120 nights is, however, more dense and extended than any previous photometric observation of a Blazhko variable. Though these data cover the whole pulsation light curve in each 0.05 phase of the modulation, the differences between the mean light curves defined by method a, and by method b are significant.
The fitted mean light curves shown in Fig 10 are: (i) the Fourier fit to the data with the pulsation frequency and its harmonics (method a);
(ii) the fit taken from the simultaneous triplet frequency solution of the data (method b);
(iii) the pulsation light curve taken from the complete light curve solution of the entire data set (light curve solution D as given in Table 5 ).
Method a gives substantially smaller amplitude around minimum and maximum light due to the oversampling of the small amplitude phase of the modulation in the data, than the fits either from method b or from the light curve solution D. The latter fits are very similar, showing that with the inclusion of the most prominent modulation components (triplets) in the light curve solution quite a reliable mean light curve can be gained even if the data sampling is biased.
The right panels in Fig. 10 show the residual spectra of the three fits in the vicinity of the pulsation frequency and its first harmonic. In order to make the residuals comparable, the modulation side frequencies are also removed in a second step in method a. These residual spectra show high amplitude signals at f0 and 2f0, which also points to the inadequacy of prewhitening the data in consequtive steps.
We thus conclude that one has to be cautious how to define the mean light curve of a Blazhko variable as from method a and method b different results emerge. In real observations data sampling is always somewhat unevenly distributed. As a consequence, the mean light curve defined without taking the modulation components also into account, may give an incorrect result for variables showing any type of light curve modulation.
From here on, we use the Fourier parameters of the pulsation components given in Table 5 to define the mean pulsation light curve.
Light curve changes during the Blazhko cycle
Utilizing the full coverage of the pulsation period in each phase of the modulation in our data set we can reliably compare the mean light curve to the light curves in different phases of the Blazhko modulation. In Fig. 11 the V light curves of MW Lyr are shown for 20 bins of the modulation cycle. The scatter of these light curves can be partially explained by the regular light curve changes that take place even in 0.05 phase intervals of the modulation. Modulation frequencies that are not integer multiplets of fm (e.g., 12.5fm and f ′ m ) also result in enhanced scatter of the data Table 7 . Fourier parameters of the V light curves in the 0.05 phase bins of the modulation Bl phase Order rms
[mag] phased with the modulation period. Moreover, our experience, that the light curve cannot be fitted with the required accuracy supposing regular modulations with different modulation periods as discussed in Sect 3.1 and 3.2, means that this irregular character of the modulation adds some extra noise to the light curves in the different phase bins, as well. Notwithstanding these effects, the light curves in the different phase bins are well defined, and can be characterized by the Fourier amplitudes and phases of the pulsation frequency and its harmonics.
The changes in the Fourier amplitudes and phases (phase differences) of f0 and its lower harmonics and also the average values of these parameters are listed in Table 7 . For comparison, the last line gives the corresponding parameters of the mean V light curve. The first five columns in Table 7 give the phase bin, the order of the Fourier sum fitted to the data, the residual scatter of the fit, the intensity weighted mean magnitude, and the number of data points belonging to the given bin, respectively. The phases of the f0 pulsation frequency can be read from the sixth column (initial epoch is 2 453 887.00) while the next four columns list the epoch independent phase differences Φ k1 (k = 2, ...5). The amplitudes of the kf0 (k = 1, ...5) components are given in the last five columns. The residual scatters of the fitted harmonic functions to the data in the different phase bins of the modulation are within the 0.015-0.032 mag range. The average of the rms values of the fits is 0.022 mag, slightly larger than the rms of the light curve solution D of the entire data set. The data listed in Table 7 and plotted in Fig. 12 show that there are major differences between the Fourier parameters of the mean light curve (the Fourier parameters of the kf0 components of the full light curve solution given in Ta These large differences make it unambiguous that in each phase of the Blazhko modulation the light curve of MW Lyr differs from its mean light curve.
The Φ k1 phase differences show quite a surprising behaviour. In spite of the large amplitude of the Blazhko modulation of MW Lyrae, Φ21, and Φ31 hardly vary, while the changes in Φ41 and Φ51 show complex behaviour with cycle length half of the modulation cycle. For the higher order components the amplitudes at around Blazhko minimum are so small that the errors in the phases become too large to make any firm conclusion about their variations.
The light curve changes during the Blazhko cycle can be summarised as follows:
Light curve changes connected to the amplitude variations:
The amplitudes of the kf0 frequencies show parallel changes but the amplitudes of the higher order components decrease more drastically than the amplitudes of the lower order components. For example, the amplitude ratio A(f0)/A(f5) is about 7 in the three largest amplitude phase bins, but this ratio is as large as 50-150 for the three smallest amplitude phase bins.
The light curves at around maximum amplitude phase of the modulation can be fitted accurately with 10-15 harmonic components of f0. The light curves are much more sinusoidal in the small amplitude phases, they can be fitted with 6-9 harmonic components with the required accuracy.
Light curve changes connected to the phase variations:
The phases of the lower order harmonic components show very harmonized changes as indicated by the small variations of the lower order phase differences. This means that the changes in the light curves' phase can be characterized basically by one parameter, with the phase of the f0 pulsation frequency, Φ(f0).
The Φ41 and Φ51 phase differences show double wave curves indicating that the time scale of their variation is about half of the period of the modulation. The appearance of the 2fm, 4fm frequency components in the Fourier spectrum of the whole data set is probably connected with this double periodic behaviour of the higher order phase differences.
We have also tested how accurately the observations can be fitted with a simple mathematical model which describes the amplitude and phase changes of the different order pulsation components with different order Fourier series. We have found that such a light curve solution fails to fit the observaions with similar accuracy as the Fourier sum of the pulsation and modulation side lobe frequencies involving even a smaller number of parameters. This result means that the modulation has a very complex behaviour that could not be described by a mathematical model of amplitude and phase modulations of harmonic functions.
Phenomenologically, amplitude modulation occurs if there are observed changes in the brightnesses of the light curve maxima, while phase modulation manifests itself as a missing fix point on the rising branch of the folded light curve.
Exploiting the slight changes in the lower order phase differences, we can 'harmonize' the phases of the light curves with a simple phase correction. Shifting the fitted light curves of the different bins by their Φ(f0) values a surprisingly coherent light curve series emerge as shown in Fig. 13 . The pronounced fix point occurring on the rising branch in this figure validates our simple treatment separating the phase modulation of the light curve from the amplitude modulation by correcting the phases with the Φ(f0) values.
A similar procedure can be applied on the whole data set, as well. Fitting the Φ(f0) values of the 20 phase bins with a 2nd order Fourier sum we can define a continuous function of the phase variation. It is supposed that by transforming the times of the observations according to this function we 'get rid of' the phase modulation component of the modulation. As the right panel in Fig. 13 shows, this is indeed the case, the light curve of the time transformed data shows very regular amplitude modulation with a pronounced fix point on its rising branch. The phase difference of the amplitude peaks of the time transformed data is much smaller than in the original data. Its range is consistent with the value expected from the amplitude variation.
Without starting the light curve analysis from the beginning using this phase corrected data set, we have only checked
• whether or not the same frequency components occur in the spectrum of the time transformed data as in the original data set, and • how the rms scatter of the time transformed data compares to the rms residual of the original data.
All the frequencies but 2f0 − 4fm and 3f0 − 4fm listed in Table 5 can be identified in the residual spectrum of the time transformed data. The fm and 2fm modulation sidelobe components can be detected up to higher order harmonics as contrasted with the spectrum of the original data.
The residual scatter of the original V light curve was 0.020 mag, the rms scatter of the time transformed data remains the same, 0.020 mag if the modulation components up to the appropriate order are taken into account. The Fourier parameters of the mean pulsation light curve of the time transformed data (given in the last line in Table 7 ) equal within their error ranges with the average values of the Fourier parameters of the observed light curves in different phases of the Blazhko cycle. The residual light curve of the time transformed data also shows large deviations at around minimum-rising branch-maximum phases of the pulsation.
Without finding the correct explanation of the Blazhko phenomenon we cannot decide which characterization of the light curve is correct: the Fourier analysis of the light curve as it is, or the separation of the phase and amplitude modulation components of the light curve modulation by an appropriate transformation of the phases (times) of the observations. The simplicity and the low number of independent parameters involved in the time transformation applied suggest that this new treatment of the light curve may lead to a headway in the study of Blazhko variables.
We also remark that the time transformation can be explained as a continuous change in the pulsation period during the Blazhko cycle as Stothers (2006) has also interpreted. The full range of period change determined from the derivative of the phase shift curve is 0.006 days, i.e. δP/P = 0.015. The period of the pulsation is about 0.401 days around Blazhko phase 0.65 and 0.395 days around Blazhko phase 0.30 as Fig. 14 shows. The amplitude of the period variation is somewhat larger than Stothers (2006) derived for RR Lyrae itself, but keeping in mind that for RR Lyr temporal periods were determined for some days long intervals of the observations, most probably a reduced value of its real period change was found.
CONCLUSIONS
The photometric observations of MW Lyr analyzed in this paper comprise the most extended and accurate data set of a Blazhko variable ever obtained. Utilizing this unique opportunity a detailed and circumspect phenomenological description of the modulation is given, which may provide crucial information to find the correct explanation of the phenomenon.
The main results and conclusions of the analysis are the followings:
• In the Fourier spectrum of the light curve besides the kf0 ± fm triplet frequencies kf0 ± 2fm quintuplet, and kf0 ± 4fm septuplet components also appear.
• Both fm and 2fm frequencies can be detected in the spectrum.
• Frequency components at kf0 ± 12.5fm are detected. If these frequencies are not 'just by chance' at ±12.5fm separations but somehow they are indeed connected to the main modulation frequency, then it is a great challenge to find an answer to their origin.
• Modulation with 12.5fm frequency can also be detected in the maximum brightness data but not in the maximum phase observations. Consequently, the modulation connected to the 12.5fm frequency is dominantly amplitude modulation.
• Stothers (2006) mentioned the lack of large amplitude modulation around minimum phase of the pulsation as a failure of his model. The amplitude of the modulation around minimum phase of the pulsation in MW Lyr is, however, commensurable with the amplitude of the modulation in maximum brightness. On the contrary, the modulation of MW Lyrae is more strictly periodic and regular than it would be expected to be if the triggering mechanism behind the modulation were the cyclic weakening and strengthening of the turbulent convection in the ionization zones as Stothers (2006) proposes.
• Though the modulation shows high degree of regularity both in the phase (period) and in the amplitude changes, the light curve cannot be fitted with the required accuracy even with 66 identified and further 30 frequencies appearing in the residual spectrum. Significant deviations in the residual light curve are concentrated at the minimum-rising branchmaximum phase of the pulsation. These residuals, however, do not show any periodicity, most probably they can be explained with some stochastic and/or chaotic behaviour of the modulation itself.
• The mean pulsation light curve defined by the Fourier parameters of the kf0 pulsation frequency components of the full light curve solution differs significantly from the light curve in any phase of the modulation. Especially the Φ k1 phase differences of the mean light curve are discrepant, they are out of the range of the phase difference values measured in any phase of the Blazhko cycle.
• The light curves in the small and large amplitude phases of the modulation can be fitted with 6-10 and 11-15 order harmonic fits, respectively. If nonlinear effects (e.g., shock waves) account for the occurrence of the higher order harmonic components of the pulsation, then their diminishing amplitudes in the low amplitude phase of the modulation may indicate that these nonlinear effects are not so important in this phase of the modulation.
• Stothers (2006) proposed that the enhanced convection lowers the pulsation amplitude in the small amplitude phase of the modulation, while the phase relation betwen the period changes and the amplitude variations depends on the physical parameters of the individual variable in a complex way. The pulsation period of MW Lyr is the longest about 1-2 days (0.1 phases of the modulation cycle) later than the minimal amplitude phase, while it is the shortest about 3-4 days (0.2 phases of the modulation cycle) later than the maximal amplitude phase.
• The small variations in the phase differences of the lower order harmonic components of the light curves during the Blazhko cycle indicate that the phase variations of these frequency components are very coherent. If the modulation were caused by the interaction of close radial mode and nonradial mode frequencies (Dziembowski & Mizerski 2004) , then no such phase coherency would be expected.
• The modulation of the light curve of MW Lyr can be separated into amplitude and phase modulation components using only one parameter, the phase of the f0 pulsation frequency in each phase bins of the modulation. This is in agreement with the explanation of the Blazhko effect with period and amplitude changes as recently proposed by Stothers (2006) . It would also be important to know how common the detected properties of the light curve modulation of MW Lyrae are. Only further similar observations of other Blazhko stars can give an answer to this question.
